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Abstract 
Early detection of cancer is vital for the successful treatment of the disease. Hence, a rapid and sensitive diagnosis is essential 
before the cancer is spread out to the other body organs. A gold millielectrode (GME) functionalized with a mixed (16-
MHA+EG3SH) self-assembled monolayer (SAM) was used to fabricate a point-of-care immunosensor for the detection of the 
prostate cancer biomarker: prostate-specific antigen (PSA) in human serum samples. An organic matrix (Amine-PEG3-
biotin/Avidin) was used to reduce non-specific protein adsorption on the electrode surface. A 16-MHA/EG3SH/Amine-PEG3-
biotin/Avidin GME was exposed to solutions with different sandwich-type immunocomplex (BtnAb-AgPSA-HRPAb) concentrations 
and its response was measured using the electrochemical impedance spectroscopy (EIS) technique. This approach was compared 
with regard to a reference ELISA immunoassay. The obtained results showed that the immunosensor proposed in this work 
qualifies for its pre-clinical application in the quantification of PSA in serum samples of a representative Mexican population. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Sociedad Mexicana de Electroquimica. 
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1. Introduction 
Prostate cancer is the second leading cause (after lung cancer) for all cancer-related deaths amongst males in 
Mexico1. Prostate cancer is recognized as the most frequent malignant tumor of the 50-year-old major male. The 
average lifetime of the Mexican in the year 2008 was 75 years, with what it increases the probability of being 
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diagnosed with the disease in the future2. Currently, there are only two approved prostate cancer screening-methods: 
Digital Rectal Examination (DRE) and Prostate-Specific Antigen (PSA) blood test3. DRE, however, possesses low 
sensitivity and is a function of the skills of the doctor conducting the examination. Additionally, due to hesitation 
amongst males to undergo the “invasive” exam and variability in the skill levels of the doctors, DRE in many 
instances leads to the diagnosis of advanced noncurable tumors4. Hence, clinicians are increasingly turning to less 
invasive blood-based diagnostic tests (e.g., serum PSA), which have led to tremendous improvements in early 
detection3 and reduced prostate cancer-related mortality and morbidity5. The generally accepted technique for PSA 
detection is Enzyme-Linked Immunosorbent Assay (ELISA). However, ELISA and its assay types (viz., direct or 
indirect) have a detection limit in the high-picomolar ranges. Detection techniques which employ chromatography 
principle, while offering potentially lower detection limits, are expensive, laborious, and time intensive and are not 
suited to both routine screening applications and point-of-care diagnostics6. As a response to the need for better and 
sensitive detection methods, numerous novel detection techniques have recently emerged7. Among them, 
Electrochemical Impedance Spectroscopy (EIS)-based detection is gaining significant interest as a label-free 
technique for sensitive measurement of target analytes8. EIS is a powerful and sensitive technique used to 
characterize surface-modified electrodes and for the investigation of electrochemical systems and processes9. It uses 
periodic small AC amplitudes and responds to signal change caused by the binding of target ligands to receptor 
molecules immobilized on the surface of electrodes10. This paper reports successful development of an impedance-
based miniaturized immunosensor for PSA detection. The immunosensor exhibited an LOD of 0.58 ng/mL for PSA 
in human serum considering (ͳ ܥΤ ) as analytical signal. This sensitivity is lower than the most sensitive commercial 
ELISA on the market11. This research has also addressed and minimized the issue of nonspecific protein adsorption. 
 
Nomenclature 
Ab  primary or secondary antibodies 
AC  altern current 
Ag  antigen 
Btn  D-biotin moiety 
CE  counter electrode 
DRE  digital rectal examination 
EDC  1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
EG3SH  (1-Mercaptoundec-11-yl)tri(ethylene glycol) 
ELISA  enzyme-linked immunosorbent assay 
EIS  electrochemical impedance spectroscopy 
[Fe(CN)6]3-/4- ferricyanide/ferrocyanide ions 
GME  gold millielectrode 
H2SO4  sulfuric acid 
HRP  horseradish peroxidase 
LOD  limit-of-detection 
M  molar concentration 
MHA  mercaptohexadecanoic acid 
ܰ  finite-length Warburg element for diffusion 
NaCl/Na3PO4 sodium chloride/sodium phosphate 
NHS  N-hydroxysuccinimide 
PEG  poly(ethylene glycol) 
pH  logarithmic measure of hydrogen ion concentration 
PSA  prostate-specific antigen 
RE  reference electrode 
SAM  self-assembled monolayer 
TOC  total organic compounds 
ܹ  Warburg impedance for semi-infinite diffusion 
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WE  working electrode 
2. Materials and Methods 
2.1. Reagents and apparatus 
All stock solutions were prepared using deionized water type I (ρ = 18.2 MΩ∙cm; TOC ≤ 10 ppb) supplied from a 
water dispenser system Simplicity, Millipore (USA). Ethylic alcohol denatured 40B was purchased from J.T. Baker 
(Center Valley, PA USA). 16-Mercaptohexadecanoic acid (16-MHA), potassium hexacyanoferrate (III), potassium 
hexacyanoferrate (II) trihydrate and sulfuric acid were purchased from Sigma-Aldrich (St. Louis, MO USA). Avidin 
(11-15 UE/mg), (+)-biotinyl-3,6,9-trioxaundecanediamine (amine-PEG3-biotin), 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC), N-hydroxysuccinimide and BupHTM phosphate buffered saline (PBS) packs (0.1 M Na3PO4, 
0.15 M NaCl, pH 7.2) were purchased from Thermo Scientific® (Rockford, IL USA). Total Prostate Specific 
Antigen (tPSA) Test System was purchased from AccuBind ELISA Microwells MonoBind® (Lake Forest, CA 
USA). All electrochemical experiments were carried out on a potentiostat/galvanostat PGSTAT 30, AUTOLAB 
(Ecochemie, NL) equipped with FRA-Module for Windows, v. 4.9., using a conventional three-electrode cell 
system. A gold millielectrode (GME, 1.6 mm) was used as WE, an Ag/AgCl electrode in 3 M NaCl solution was 
used as RE and a straight platinum wire electrode as CE. The GME was mechanically polished using a PK-4 
Polishing Kit. All electrochemical accessories were purchased from BASi, Inc. (West Lafayette, IN USA). 
2.2. GME pretreatment and immunosensing platform assembly 
A GME was electrochemically pretreated in de-aerated 0.5 M H2SO4 solution by cycling the electrode between 0 
and +1.6 V vs. Ag/AgCl in 3 M NaCl solution at 0.100 V/s until a stable cyclic voltamperogram was obtained12. 
Then, a cyclic voltamperogram was measured at 0.040 V/s and the electrochemical surface area of the electrode 
determined. The GME was rinsed with deionized water thoroughly and dried with a stream of nitrogen gas. After 
this step, the immunosensing platform (16-MHA/EG3SH/Amine-PEG3-biotin/Avidin) was assembled to the GME 
(cf. Fig. 1). 
 
Fig. 1. Schematic illustration of a sequential procedure used to modify the surface of a gold millielectrode. 
 For the antigen-antibodies binding study, a pretreated GME (step 1) was incubated in a 1:1 solution of 16-MHA 
and EG3SH in ethanol (1 mM total thiol) for 1 h (step 2). The electrode was sequentially rinsed with ethanol and 
water, then incubated in 0.5 mL of a solution of 0.4 M EDC and 0.1 M NHS in water for 15 min (step 3). After 
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(step 4). The electrode was then incubated in 0.5 mL of 50 μg/mL solution of avidin in water for 30 min and then 
rinsed with water thoroughly (step 5). 
2.3. Immobilization of the sandwich-type immunocomplex (BtnAb-AgPSA-HRPAb) through avidin-biotin interaction 
The immunosensing platform assembled in the previous section was directly assayed with different 
concentrations of sandwich-type immunocomplex as described in the reference 13. The following PSA calibrators in 
human serum were used: 0, 5.0, 10.0, 25.0, 50.0 and 100.0 ng/mL. 
2.4. Electrochemical characteristics of the immunosensing platform 
Electrochemical impedance spectroscopy (EIS) measurements were performed consecutively in steps 1, 2, 4, 5 
and 6 at the equilibrium potential (open circuit potential generated between electrodes immersed into the electrolyte 
solution) without external biasing, frequency range from 10-2-104 Hz and 10 mV AC amplitude in de-aerated PBS 
solution containing a mixture of 2.5 mM K3[Fe(CN)6] and 2.5 mM K4[Fe(CN)6], that is, 2.5 mM [Fe(CN)6]3-/4- as a 
redox probe. All experiments were performed at room temperature (25 ± 1 °C). 
3. Results and discussion 
3.1. Electrochemical characteristics of the immunosensor platform 
From the EIS measurements shown in Fig. 2, it is seen that the Nyquist plot for the bare GME is nearly a line 
with a slope close to unity. This is indicative of a diffusion-controlled electrode process. For the other cases, 
semicircular Nyquist impedance spectra are observed. The diameter of these Nyquist semicircles increases as the 
sequential adsorption of 16-MHA/EG3SH, amine-PEG3-biotin and avidin forms at the electrode surface. This 
phenomenon indicates that the charge-transfer resistance at the electrode/electrolyte interface increases as more 
monolayers of molecules are adsorb onto the electrode surface. Moreover, these Nyquist plots do not possess a 
linear part at lower frequency, thus confirming that after the adsorption of various molecules the electrode process is 
no longer a diffusion-controlled process but a kinetics-controlled one. 
 
Fig. 2. Nyquist plots for examining the electrode/electrolyte interface before (a) and after stepwise adsorption of 16-MHA/EG3SH, amine-PEG3-
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Generally, the resistive and capacitive behavior of an electrode/electrolyte interface can be quantitatively 
evaluated by using an equivalent circuit consisting of resistors and capacitors. Insets in Fig. 2 shows such an 
equivalent circuit, where ܴஐ  is the resistance of the solution, ܴ௖௧  is the charge-transfer resistance of the 
electrode/electrolyte interface, ܥܲܧ  is a constant phase element used to compensate the non-ideal capacitive 
response of the interface, ܹ is Warburg impedance for semi-infinite diffusion and ܰ is a finite-length Warburg 
element for diffusion14. The impedance of the ܥܲܧ  can be written as ܼ஼௉ா ൌ ͳ ሾܶሺ݅߱ሻ௉ሿΤ , where “ ݅ ” is the 
imaginary symbol of a complex variable, ߱ is the angular frequency, ܲ is a constant (Ͳ ൑ ܲ ൑ ͳ), and ܶ measures 
the inverse impedance contribution of the CPE. The variable ܶ takes the unit of F(rad/s)1-P, which varies with the 
value of ܲ. When ܲ ൌ ͳ, ܶ is equivalent to an ideal capacitor thus taking the unit of capacitance (i.e., F); when 
ܲ ൌ Ͳ, ܶ is equivalent to an inverse resistor thus taking the unit of inverse resistance (i.e., 1/Ω; note that F(rad/s) = 
1/Ω). 
To evaluate the underlying equivalent circuits for the varying electrode/electrolyte interface during sequential 
surface modification, we statistically curve-fit the equivalent circuit to the measured impedance curves using 
software Z-view (Scribner Associates, Inc.). The fit values for the elemental parameters in various equivalent 
circuits describing the electrical properties of the varying electrode/electrolyte interface during sequential surface 
modifications are given in Table 1. 
Table 1. Values for the element parameters obtained from fitting the equivalent circuit to the EIS measurements at various 
surface adsorption steps indicated in Fig. 1. 







Step 2: 16-MHA/EG3SH 111.3 ± 4.3 0.058 ± 0.023 0.204 ± 0.015 0.97 
Step 4: Amine-PEG3-biotin 112.8 ± 5.8 0.088 ± 0.029 0.168 ± 0.013 0.97 
Step 5: Avidin 112.5 ± 4.9 0.095 ± 0.021 0.159 ± 0.009 0.97 
Step 6: PSA concentration (ng/mL)     
5.0 110.3 ± 5.3 0.092 ± 0.017 0.151 ± 0.008 0.97 
10.0 107.7 ± 6.1 0.106 ± 0.019 0.146 ± 0.009 0.97 
25.0 107.6 ± 6.5 0.103 ± 0.018 0.140 ± 0.009 0.98 
50.0 106.8 ± 6.3 0.121 ± 0.018 0.140 ± 0.008 0.97 
100.0 107.1 ± 6.3 0.112 ± 0.017 0.136 ± 0.008 0.98 
 
For the top two cases, the obtained ܲ  value is very close to 1 (an ideal capacitive response). Such a slight 
deviation suggests that the ܥܲܧ  used to capture the non-ideal capacitive behavior of the electrode/electrolyte 
interface will actually contribute more as a capacitor rather than an inverse resistor. Since the ܴஐ of the equivalent 
circuit represents the solution resistance, it is anticipated that its value should not vary much when monolayers of 
molecules are adsorbed onto the electrode surface. From Table 1, we can observe that ܴஐ indeed takes almost a 
constant value as expected no matter the electrode surface is bound with 16-MHA/EG3SH thiols alone or with 
amine-PEG3-biotin and avidin and BtnAb-AgPSA-HRPAb. The ܴ௖௧ of the equivalent circuit measures the diameter of a 
Nyquist semicircle, and it represents the charge-transfer resistance of the electrode/electrolyte interface. 
Table 1 shows that the value of ܴ௖௧  increases as monolayers of molecules are sequentially adsorbed to the 
electrode surface. For a bare GME, we measured a ܴ௖௧  value of about 187.8 Ω and a ܥܲܧ  value of about 0.45 
μF(rad/s)1-P. After the 16-MHA/EG3SH monolayer the ܴ௖௧ increases to 58 kΩ, and it reaches 95 kΩ after avidin 
immobilization. The ܶ  value, however, decreases from 0.204 μF(rad/s)1-P for the 16-MHA/EG3SH adsorbed 
electrode to 0.159 μF(rad/s)1-P after avidin immobilization. 
3.2. Evaluation of detection sensitivity for avidin- BtnAb-AgPSA-HRPAb interaction 
Since all the ܲ values are very close to 1, the ܥܲܧ in the equivalent circuit is expected to contribute more as a 
capacitor rather than an inverse resistor, thus we can assume that ܥ஼௉ா ൎ ܶ. In this situation, we further consider the 
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total capacitance value of the ܥܲܧ as that of two capacitors connected in series: the capacitance of the adsorbed 
molecules (ܥ௠) and the capacitance of the electrical double layer (ܥௗ௟). Thus, we have ͳ ܥ஼௉ாΤ ൌ ͳ ܥ௠Τ ൅ͳ ܥௗ௟Τ . 
Similarly, we can express the total charge-transfer resistance more likely as function of a polarization resistance 
(ܴ௉ሻ : ܴ௉ ൌ ܴ௠ ൅ܴ௖௧ , where ܴ௠  is the resistance of the adsorbed molecules and ܴ௖௧  is the charge-transfer 
resistance in strict sense, i.e., the one that manifests itself over the surface defects that remain on the electrode 
surface after each monomolecular adsorption step. Based on these relationships, the ܥ஼௉ா (or ܶ) value is expected to 
decrease and the ܴ௖௧ value increase as more monolayers of molecules are adsorbed to the electrode surface. This is 
indeed the case as one can observe in Table 1. 
To characterize the detection sensitivity of the modified GME in discriminating the interaction avidin/BtnAb-
AgPSA-HRPAb at the various PSA control concentrations, we calculated οܴ௉ ൌ ܴ௉ሺ଺ሻ െ ܴ௉ሺହሻ  and οሺͳ ܥΤ ሻ ൌ
ͳ ሺܶ଺ሻΤ െͳ ሺܶହሻΤ  at each PSA control, where ܴ௉ሺ଺ሻ , ܴ௉ሺହሻ , ሺܶ଺ሻ  and ሺܶହሻ  are, respectively, the resistance and 
capacitance values after step 6 and step 5 of the surface modification (cf. Fig. 1). The reason for taking such a 
differential value for οܴ௉ and οሺͳ ܥΤ ሻ is that when more BtnAb-AgPSA-HRPAb is coupled with avidin, not only the 
thickness of the molecular layer will increase but also the ionic plane of closest approach will be pushed away from 
the electrode15. As a consequence, at each step of avidin/BtnAb-AgPSA-HRPAb coupling both the resistance and 
capacitance of the adsorbed molecules and the electrical double layer will change. Thus, only by taking such a 
differential value at each step, can we capture the resistive and capacitive changes caused by the avidin/ BtnAb-
AgPSA-HRPAb coupling. With the differential οܴ௉  and οሺͳ ܥΤ ሻ values at various PSA control concentrations, we 
obtained calibration plots of οܴ௉ against PSA concentration and οሺͳ ܥΤ ሻ against PSA concentration. Fig. 3a shows 
the calibration curve of οܴ௉ against PSA concentration. Clearly, two distinct segmental-linear relationships exist 
between οܴ௉ and PSA concentration. Within the range of 1.0-10.0 ng/mL of PSA, the calibration line has a slope of 
0.1239 MΩ/(ng/mL), and within 25.0-100.0 ng/mL of PSA the calibration line has a slope of 6.98 × 10-4 
MΩ/(ng/mL). By considering the electroactive surface area (16.9 mm2) of the electrode, a detection sensitivity for 
οܴ௉ is calculated as 7305.4 and 41.1 Ω/(ng/mL)/mm2, respectively, for the two calibration ranges. Fig. 3b shows the 
calibration curve of οሺͳ ܥΤ ሻ against PSA concentration. It is seen again that two segmental-linear relationships exist 
between οሺͳ ܥΤ ሻ and PSA concentration: within 1.0-10.0 ng/mL of PSA, the calibration line has a slope of 0.0615 
μF/(ng/mL), and within 25.0-100.0 ng/mL of PSA the calibration line has a slope of 0.0024 μF/(ng/mL). By 
normalizing these slope values with respect to the electrochemical surface area of the electrode, a detection 
sensitivity for οሺͳ ܥΤ ሻ  is calculated as 0.003639 and 0.000142 μF/(ng/mL)/mm2, respectively, for the two 
calibration ranges. 
 
Fig. 3. (a) Variation of οܴ௉ with PSA concentration along with calibration curves; (b) variation of οሺͳ ܥΤ ሻ with PSA concentration along with 
calibration curves. The error bars give a measure of the reproducibility of the system. 
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From the SDblanks, we calculated an LOD of 0.28 ng/mL for the calibration curve #1: οܴ௉ against [PSA], and an 
LOD of 0.58 ng/mL for the calibration curve #2: οሺͳ ܥΤ ሻ against [PSA]. In compliance with the IUPAC rules16, the 
LOD was calculated as three times the SD of the blank measurements (SDblanks). 
The results discussed above indicate and confirm that the developed immunosensor enables the detection of PSA 
in serum using the EIS technique and this compares very well with different techniques for PSA detection as shown 
in Table 2. Obviously, our immunosensor has a simpler design and is competitively sensitive as to propose its use 
into the clinical practice. 
Table 2. Sensitivity comparison of different techniques for PSA detection. 
Signal transduction LOD 
(ng/mL) 
Description Reference 
Real-time immuno-PCR 0.0002 Sandwich assay with DNA label on detection antibody 17 
Enzyme and/or impedance 3.0 Lateral flow immunostrip containing an electrochemical transducer 18 
Enzyme and/or amperometric 0.25 Sandwich immunoassay on three-electrode system 19 
Surface plasmon resonance 
(SPR) 
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